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Abstract: The origin of the highest energy cosmic ray showers is a long
standing puzzle. In low scale gravity models, where the neutrino-nucleon
cross section rises to typical hadronic values at energies above 1020 eV, the
neutrino becomes a candidate for the primary that initiates these showers.
We calculate the neutrino-nucleon cross section at ultra high energies by
assuming that it is dominated by the production of p-branes. We nd that for
a large range of allowed parameter space the neutrino-nucleon cross section
at neutrino energies of 1011 GeV is of the order of 100 mb, which is required
for explaining the GZK events.
1 Introduction
Low scale gravity models [1] lead to the possibility that the neutrino-nucleon
cross section at ultra high energies may be several orders of magnitude larger
than what is predicted by the Standard Model. At center of mass energies
p
s
less than the scale of quantum gravity M, which we assume is of order 1 TeV,
the cross section can be calculated using the perturbative Feynman rules [2].
However at higher energies, such that
p
s > M, there does not exist any
reliable procedure to calculate the cross section. In applications to cosmic
rays we are interested in cross section at center of mass energies of the order
of 1012 GeV2, where the perturbative approach is certainly not applicable.
Several authors [3, 4, 5, 6, 7, 8, 9, 10] have obtained various estimates by
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using dierent models for the cross section in this energy regime. In Ref. [4]
we assumed two models for the s dependence of the cross section,   s; s2,
and found that neutrino-nucleon cross sections are of the order of one to
several hundred mb with the precise value dependent on the model used and
on the choice of M. The larger value of the cross section is obtained using
the s2 model. Such large values of the neutrino-nucleon cross section are very
interesting since then the neutrino becomes a candidate [4, 5] for explaining
the puzzling cosmic ray events which appear to violate the GZK bound [11,
12, 13, 14]. The idea that neutrino-nucleon cross sections grow large at GZK
energies is very old [15]. Large extra dimension, low scale gravity models
[1] have provided new impetus to this idea [4, 5, 6, 16, 17, 18]. Even if
the cross section is not large enough to explain the GZK events, cosmic ray
observations can be used to test this hypothesis and to put stringent bounds
on these models.
There exist several proposals for calculating the ultra high energy scatter-
ing cross sections including the gravitational contribution. In Ref. [8, 19, 20]
the authors proposed an eikonal model for the cross section, which may be
applicable for very large s but for momentum transfer −t < M2 . For larger
values of the momentum transfer, Ref. [21, 22, 23] have proposed that black
hole production will set in. This proposal has generated great interest with
several studies investigating the production rate of black holes at colliders
[22, 25, 26, 27, 28, 29, 30] and cosmic ray collisions [9, 10, 31, 32, 33]. Using
the eikonal model [8] and the black hole production rate [9], it is found that
the neutrino-nucleon cross section is of the order of 0:1 mb at s  1012 GeV2.
This cross section is also large enough such that neutrinos could generate
horizontal showers, which can easily be seen in future observatories.
Black hole production cross section is currently estimated by assuming
that it is approximately equal to the geometric area of the black hole pro-
duced. A collision between partons i and j with center of mass energy
p
s^ is
assumed to produce a black hole of mass MBH 
p
s^ and hence the parton
level cross section ^(ij ! BH) is equal to R2S where RS is the Schwarzschild
radius of a black hole of mass MBH. This geometric cross section has been
criticized by Voloshin [34] on the grounds that a high energy collision with
partons i and j will have a very large amplitude to radiate, and the ampli-
tude to produce an isolated black hole will be exponentially damped. At
our current stage of understanding of quantum gravity, the various models
proposed must be considered as highly speculative.
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2 Neutrino-Nucleon cross section including
p-brane production
Recently Ref. [35] has proposed that besides black holes, high energy colli-
sions will also produce branes. They argue that in certain cases the produc-
tion cross section of p-branes of mass Mp 
p
s^ is much higher than that of
black holes of the same mass. The precise value of the cross section depends
on the dimensionality of the brane and the size of the extra dimensions. The
largest cross section for a p-brane is obtained when the brane is completely
wrapped on the small-size extra dimensions where it is assumed that there
exist m extra dimensions compactied on length scale of order L<M−1 and
the remaining n − m extra dimensions are compactied on length scale of
order L0 >> M−1 . The ratio (s; n; m; p  m) of the cross section of the
p-brane to black hole production in this case is given by [35]

































and w = 1=[1− p=(n + 1)]. The branes, once produced, will decay producing
gravitons and matter elds.
We have calculated the neutrino-nucleon total cross section νp at ultra
high energies assuming that the cross section is dominated by brane produc-
tion. The parton level brane production cross section ^brane for p-brane of
mass Mp =
p
s^ is given by,
^brane(s^) = (s^; n; m; p  m)^BH(s^) (3)
where ^BH is the production cross section for black hole of mass MBH =
p
s^.
The black hole production cross section, ^BH, is given by [21, 22]
^BH  r2S (4)
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The black hole and the brane production processes are expected to give
dominant contributions when s >> M2 .
The total cross section can be computed using




dx^brane,i(xs)fi(x; Q) ; (6)




 =s and Q is the typical momentum scale of the collision which is
taken to be the brane mass. We use the Cteq parton distributions [36] for
our calculation. Since the parton distributions are not known beyond Q = 10
TeV, we set Q equal to this value if the brane mass exceeds 10 TeV. The
minimum value of x is obtained by assuming that branes are produced with
masses Mp greater than M.
In g. 1 we plot the neutrino-nucleon cross section for some representative
choice of parameters, p and n. The ratio of length scales L=L has been set
equal to 0.25. We nd that for n = 7 and p = 6 the cross section rises
to roughly 50 mb at neutrino energy of 1011 GeV. As p becomes smaller
the cross section is much smaller. Similarly the cross section is considerably
reduced as we lower n. The cross section is also found to be very sensitive to
the precise value of L=L. The dependence of total cross section on L=L is
shown in g. 2 for some representative choice of parameters, p and n. The
neutrino energy has been taken to be 1011 GeV for this plot.
It is clear from g. 1 and g. 2 that there exists a large range of parameter
space where the neutrino-nucleon cross section is of the order of 100 mb or
above for the primary neutrino energy of 1011 GeV. These are comparable
to the nucleon-nucleon cross section at these energies and is typically the
cross section values required in order that the neutrino can considered as a
candidate for generating the observed air showers above the GZK bound. We
point out that in the present case the neutrino delivers its entire energy in a
single collision. This is in contrast to our earlier work [37], using a t-channel
exchange in which the neutrino loses only a fraction of its energy in a single
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collision. In that case, the neutrino collides with several air nuclei along its
path, and the resulting air shower tends to be longer in developing compared
to an equally-energetic proton shower. Nevertheless, the characteristics of
air showers do not rule out this model, given fluctuations and uncertainties
in energy [37]. In the present case with high inelasticity, the position of
the shower maximum will be determined dominantly by the value of the
neutrino-air cross section. Since there exists a large range of parameter
space where the neutrino-nucleon cross section exceeds 100 mb, the shower
maximum could exist at the same or higher altitude than that produced by
a proton or even an iron nucleus of equivalent energy. Hence the position
of the shower maximum may be indistinguishable from a hadron primary of
equivalent energy.
After formation the p-brane will decay. In analogy with black hole evap-
oration, we expect that branes will decay into gravitons and matter elds.
The emitted gravitons will not be detected. Hence only a fraction of the
particles that are produced will be responsible for generating the shower and
the primary energy may be signicantly underestimated. This implies that
for a shower of energy E we need a primary neutrino of energy E 0 which
is somewhat larger than E. The precise amount of energy which goes into
gravitons is model dependent.
In conclusion we have shown that in low scale gravity models the neutrino-
nucleon cross section is of the order of or larger than 100 mb for a large
range of parameter space allowed by current experimental constraints. This
makes the neutrino a candidate for explaining the cosmic ray events which
appear to violate the GZK bound. Future cosmic ray observatories will be
able to conrm or rule out this hypothesis. In particular, the ability of
neutrino events to point back to their sources, which can be established by
well-dened statistical correlations [38], has the potential to establish or to
rule out neutrinos as primaries in the GZK-violation mystery. A very clear
discussion on the possible origin of the highest energy cosmic rays is given in
Ref. [39].
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Figure 1: The neutrino-nucleon cross section νp including the p-brane pro-
duction for several representative values of p and the number of extra di-
mensions n. The ratio of the length scales L=L of the small to large extra
dimensions has been set equal to 0.25 and the scale of quantum gravity
M = 1 TeV. The highest energy HERA data point and the cross section
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